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ARTICLE INFO ABSTRACT
Article history: Malaria in humans is caused by six species of Plasmodium parasites, of which the nuclear genome
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iae have not yet been analyzed. Here we present an analysis of the nuclear genome sequences of these
three parasites, and describe gene family expansions therein. Plasmodium ovale curtisi and P. ovale wallik-
eri are genetically distinct but morphologically indistinguishable and have sympatric ranges through the
tropics of Africa, Asia and Oceania. Both P. ovale spp. show expansion of the surfin variant gene family, and
an amplification of the Plasmodium interspersed repeat (pir) superfamily which results in an approxi-
mately 30% increase in genome size. For comparison, we have also analyzed the draft nuclear genome
of P. malariae, a malaria parasite causing mild malaria symptoms with a quartan life cycle, long-term
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Plasmodium ovale curtisi

Plasmodium malariae chronic infections, and wide geographic distribution. Plasmodium malariae shows only a moderate level
PIR of expansion of pir genes, and unique expansions of a highly diverged transmembrane protein family
SURFIN with over 550 members and the gamete P25/27 gene family. The observed diversity in the P. ovale wal-
RBP-2 likeri and P. ovale curtisi surface antigens, combined with their phylogenetic separation, supports consid-
P25/27 eration that the two parasites be given species status.
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1. Introduction

Plasmodium ovale, a causative agent of benign relapsing tertian
malaria, was the last of the malaria parasite species infective to
humans to be described (Stephens, 1922). Morphologically and
phenotypically similar to the more common Plasmodium vivax, P.
ovale is named for the typical oval appearance of infected erythro-
cytes. Its erythrocytic forms are, similar to those of P. vivax,
restricted to reticulocytes, and infections typically result in low
parasitaemias, cause mild clinical symptoms and are relatively
short in duration (Faye et al., 1998). There are, however, occasional
reports of more severe disease (Rojo-Marcos et al., 2008; Lau et al.,
2013; Strydom et al., 2014; Tomar et al., 2015). Plasmodium ovale
shares with P. vivax, amongst the malaria parasites infective to
humans, the ability to produce hypnozoites, dormant liver stages
that can cause relapse months or even years following initial expo-
sure to sporozoites. These forms constitute a barrier to the control
of ovale and vivax malaria, as they are treatable by only a single US
Food and Drug Administration (FDA) approved drug, primaquine.

Two morphologically identical but genetically distinct forms of
P. ovale have been identified through the typing of genetic markers
(Tachibana et al., 2002; Winn et al., 2004). These have been argued
to constitute separate species, as the absence of hybrid forms sug-
gests they are reproductively isolated, although their ranges are
sympatric and occasionally infect the same host (Sutherland
et al., 2010; Fuehrer et al., 2012). Since the two P. ovale forms were
first described and assigned the sub-species trinomials P. ovale cur-
tisi and P. ovale wallikeri (Sutherland et al., 2010), compelling evi-
dence has accrued that the two variants are, indeed, separate
species (Fuehrer et al.,, 2012; Fancony et al., 2012; Putaporntip
et al., 2013; Oguike and Sutherland, 2015).

Plasmodium ovale spp. are found predominantly in Sub-Saharan
Africa, but are also present on the islands of the Western Pacific
and, sporadically, in southeastern Asia and India (Lysenko and
Beljaev, 1969; Oguike et al., 2011; Bauffe et al., 2012; Fuehrer
et al., 2012; Fancony et al, 2012; Putaporntip et al., 2013;
Chaturvedi et al., 2015). Frequently occurring in mixed infections
with other malaria parasite species, most notably Plasmodium fal-
ciparum and Plasmodium malariae, the prevalence of P. ovale spp.
is most certainly underestimated, as its typical low parasitemia
and predilection for co-infection render it difficult to diagnose by
light microscopy (Fancony et al., 2012; Dinko et al., 2013). This is
likely to be especially true in high malaria transmission regions
such as West Africa, where other malaria parasite species are com-
mon and immunity against malaria is high in local populations.
Sensitive PCR detection methods indicate a prevalence of P. ovale
spp. of 14% and above in parts of Africa (May et al., 1999; Tobian
et al., 2000), versus estimates based on microscopy which are typ-
ically below 5% (Mueller et al., 2007). Thus the public health
impact of ovale malaria is probably underestimated.

With a range that closely mirrors that of P. falciparum, the quar-
tan malaria parasite P. malariae (Grassi and Feletti, 1892) has a
widespread, although patchy distribution (Garnham, 1966). Plas-
modium malariae causes a relatively mild and chronic disease,
characterised by a fever periodicity of 72 h, in contrast to the
48 h cycles of all other human malaria parasites. During its ery-
throcytic cycle it shows a strong invasion preference for mature
red blood cells. As with the P. ovale spp., its prevalence is difficult
to gauge accurately, as its presence is often masked due to co-
infection with P. falciparum.

Comparative genomics allows the investigation of the genetic
determinants of phylogenetic differences between species. For
malaria parasites, comparative studies can help to understand
the diversity of Plasmodium adaptations to infection of host tissues,
the resulting spectra of disease and the evolutionary processes that

have led to speciation. Comparative genomic studies of P. ovale cur-
tisi and P. ovale wallikeri with other malaria parasite species are of
interest due to their characteristically mild infections and ability to
cause relapse through the activation of dormant hypnozoite stages
in the liver. Similarly, the genome of P. malariae may hold clues to
understanding the regulation of periodicity. To date, the genome
sequencing of P. ovale has been hindered by the lack of adequate
concentrations of parasite DNA, a consequence of the low parasite
densities characteristic of this species, and prevalence of mixed
infections with other Plasmodium spp. This difficulty has dimin-
ished with the advent of whole genome sequencing technologies
that require smaller starting concentrations of genomic DNA and
high sequencing coverage overcomes problems with high levels
of contaminating host DNA.

Here, we report the genome sequence and analysis of two iso-
lates of P. ovale wallikeri, both obtained from infected migrant
workers returning to China from West Africa; and two isolates of
P. ovale curtisi, one from a Chinese worker returning from West
Africa and the chimpanzee-propagated US Centers for Disease Con-
trol and Prevention (CDC) Nigeria I strain (Collins et al., 1987). For
detailed comparison, we have derived a partial genome of P. malar-
iae from the CDC Uganda I strain (Collins et al., 1984, 1990). Phylo-
genetic analyses support a close relationship but separation of P.
ovale wallikeri and P. ovale curtisi, and their grouping with P. malar-
iae, P. vivax and related non-human primate malaria parasites. In
the context of observations from the wider Plasmodium genus we
present an analysis of variant antigen gene families encoding inva-
sion proteins, and parasite proteins predicted to be exported to the
surface membranes of the parasite or infected erythrocyte. The
implications for the species status of these two parasites are
considered.

2. Materials and methods
2.1. Parasite materials

Blood samples of two isolates of P. ovale wallikeri (designated as
P. ovale wallikeri 1, Pow1; and P. ovale wallikeri 2, Pow2) and one
isolate of P. ovale curtisi (designated as P. ovale curtisi 2, Poc2) were
obtained from febrile patients, Chinese males with ages between
23 and 45, presenting at local hospitals in Jiangsu Province, China,
after returning from labouring work in African countries. Diagnosis
of P. ovale was determined by microscopy and confirmed by PCR,
typing to P. ovale wallikeri (Gabon, two samples) and one isolate
of P. ovale curtisi (Nigeria). The real-time TagMan PCR (TqPCR)
assay that targets the ssrRNA gene was carried out to detect P.
ovale sub-species according to previous publication (Bauffe et al.,
2012). Briefly, amplification was performed using the following
sets of primers: POF: 5-ATAAACTATGCCGACTAGGTT-3’ and POR
5'-ACTTTGATTTCTCATAAGGTACT-3', for the detection of P. ovale
wallikeri probe pPOW HEX-AATTCCTTTTGGAAATTTCTTAGATTG-B
HQ1 was used and probe pPOC FAM- TTCCTTTCGGGGAA-
ATTTCTTAGA-BHQ1 was used for P. ovale curtisi detection. The
real-time PCRs were carried out using Light Cycler TagMan master
(Roche, Germany) on Roche LightCycler® 480 (Roche). Following
informed written consent (approved by the Institutional Review
Board of Jiangsu Institute of Parasitic Diseases, China,
IRB00004221) five ml of whole blood were collected prior to treat-
ment for malaria. White blood cells (WBCs) were removed by pass-
ing through a non-woven fabric (NWF) filter (Tao et al., 2011) and
genomic DNA was extracted using a QIAamp DNA blood mini kit
according to the manufacturer’s instructions (Qiagen, Germany).
Samples were stored in a DNAstable tube (Biomatrica, USA) until
use. The P. malariae Uganda I CDC strain was isolated in 1982 from
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Table 1
Genome assembly and completeness statistics of five Plasmodium malarial species.

P. ovale wallikeri_1 P. ovale wallikeri_2 P. ovale curtisi_1 P. ovale curtisi_2 P. malariae
(Pow1) (Pow2) (Poc1, Nigeria I) (Poc2) (Pmal, Uganda I)

Number of scaffolds (= 1000 bp) 1,378 1,593 4,025 2,227 7,270

Total length (bp) 35,260,179 35,103,764 34,518,662 38,010,039 31,925,186

N50° 174,450 136,984 17,984 46,061 6398

GC (%) 28.91 29.12 28.46 27.76 24.74

Number of protein coding genes 8582 8813 7950 8825 6462

Number of complete BUSCOs” (429) 344 342 344 369 329

Number of Fragmented BUSCOs 29 32 27 24 37

2 N50 represents a number where 50% of the entire assembly was contained in contigs or scaffolds equal to or larger than this value.
> The completeness of assemblies was determined by the BUSCO tool (Simo et al., 2015).

an infant given a blood transfusion from an individual who had
immigrated to the United States from Uganda in 1974. The Nigeria
I CDC strain of P. ovale was isolated in 1977 from a member of the
Peace Corps stationed in Nigeria and was genotyped as P. ovale cur-
tisi (herein referred to as P. ovale curtisi 1, Poc1). Both the Uganda |
strain of P. malariae and the Nigeria I strain of P. ovale curtisi were
maintained in chimpanzees under protocols established in accor-
dance with the rules and regulations of the U. S. Animal Welfare
Act. WBCs and platelets were removed from infected chimpanzee
blood collected in heparin by passage of adenosine diphosphate
(ADP) activated blood sequentially through 0.1 mm acid washed
glass beads, Plasmodipur filters, and a column of Whatman CF11
cellulose fibers. Erythrocytes infected with late blood stage para-
sites were concentrated and collected from Percoll density cush-
ions and extracted using Qiagen blood Kkits.

2.2. Genome sequencing and assembly

Sequencing libraries were prepared from the DNA samples from
P. ovale curtisi (Poc1) and P. malariae Uganda I/CDC using the

Diagenode MicroPLEX V2 protocol (www.diagenode.com), follow-
ing the manufacturer’s instructions. For the P. ovale wallikeri
(Pow1l and Pow2) and P. ovale curtisi (Poc2) samples, genomic
DNA in 50 pl of elution buffer was sheared using Covaris E220
using the following parameters: 175 W peak incident power, 5%
duty factor, 200 cycles per burst and 65 s treatment time to obtain
350 bp target fragment size, and 25 s treatment time to obtain
550 bp target fragment size, according to manufacturer’s protocol

(http://covarisinc.com/products/afa-ultrasonication/e-series/).

DNA library was prepared using a TruSeq DNA PCR-Free Library
Preparation Kit (Illumina, USA) followed by 10 PCR amplification
cycles using a KAPA HiFi Hotstart PCR kit (Kapabiosystems, South
Africa). The prepared libraries were subjected to routine quality
control checks and quantification before several rounds of Illumina
MiSeq (600 cycles kit) and HiSeq2000 (101 bp paired-end) runs to
yield high sequence coverage with read lengths of 300-600 bp and
97% of the reads having quality scores greater than or equal to Q20.
Sequencing adaptors were removed by the Trimmomatic tool
(Bolger et al, 2014). Trimmed reads were bioinformatically
screened for host contamination, based on the respective verte-
brate hosts. The filtered reads were assembled using the A5-
miseq pipeline (Coil et al., 2015). Assemblies were scaffolded
(SSPACE), gap closed (IMAGE) and error corrected with ICORN
(Swain et al., 2012) and Pilon (Walker et al., 2014). Scaffolds were
ordered by ABACAS (Assefa et al., 2009) and Artemis (Rutherford
et al.,, 2000), using published P. vivax Salvador I as a reference
strain. Since infections with mixed parasite genotypes are common
in P. ovale and P. malariae natural infections, we verified the num-
ber of predominant genotypes in each isolate by manually check-
ing (data not shown) at least eight polymorphic genes (MSP1,

AMAT1, CSP, Pfs230, p12, RAD51, g377 and CCp1) with aligned Illu-
mina reads and looking for single nucleotide polymorphisms
(SNPs) using the BamView option in Artemis (Carver et al., 2013).
These genes were selected to confirm clonality and identity of
the samples. In addition a whole genome scan for multiplicity of
infection was performed using the estMOI tool (Assefa et al.,
2014) and all of the genes tested also were confirmed as a single
genotype (Supplementary Table S1). The basic assembly and anno-
tation statistics are provided in Table 1.

2.3. Phylogenetic analyses

A phylogenetic tree for Plasmodium was generated by first
selecting a set of 460 1:1 ortholog clusters, derived from OrthoMCL
output (Li et al., 2003) (amino acid length greater than or equal to
200) from all sequenced Plasmodium spp. that are shown in Fig. 1A.
Sequences were concatenated after multiple sequence alignment
and trimming by MUSCLE (Edgar, 2004) and Trimal (Capella-
Guitiérrez et al., 2009), respectively, to give a concatamer of
127,351 amino acid length. MrBayes (Ronquist et al., 2012) was
used for phylogenetic tree construction with a fixed-rate Jones
amino acid model and 40,000 generations. In a parallel approach,
we also prepared a manually curated set of amino acid con-
catamers comprised of aligned amino acid sequences from selected
ribosomal proteins, surface antigens, glycolytic enzymes, elonga-
tion factors and proteins encoded on the mitochondrial and api-
coplast genomes (Supplementary Table S2). This concatamer was
7,532 amino acids long. Orthology of the included proteins was
manually assessed for conserved synteny, and supported by best-
hit sequence similarity in BLAST screens. We used orthologous
sequences from Theileria annulata as an out-group and phyloge-
netic relationships of 10 Plasmodium spp. including both P. ovale
spp. and P. malariae were inferred using the TreeGraph2 tool
(Stéver and Miiller, 2010).

2.4. Gene prediction and genome annotation

Genes were identified by Augustus v3 (Stanke et al., 2006),
which was trained on a combined set of 374 manually annotated
Plasmodium knowlesi and P. vivax genes from GeneDB (Logan-
Klumpler et al., 2012) and a small subset of P. ovale genes obtained
by manual curation with the help of BLAST similarity between pre-
dicted P. knowlesi strain H and P. vivax Sal1 genes. The same set of
genes was also used as a training set for annotation of P. malariae.
Ortholog information amongst other Plasmodium spp. was
obtained by OrthoMCL (Li et al., 2003). Annotation of the P. ovale
wallikeri and P. ovale curtisi genomes was performed using local
BLASTP screens of their predicted proteomes using select queries
from other Plasmodium spp. with manually curated annotation
available in Gene DB (Logan-Klumpler et al., 2012). Such P. ovale
spp. proteins were then used as BLAST queries either against the
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Fig. 1. Comparison of Plasmodium ovale wallikeri, Plasmodium ovale curtisi and Plasmodium malariae with respect to other sequenced Plasmodium spp. using phylogeny and
gene-orthology. (A) Phylogenetic tree showing the position of P. ovale wallikeri, P. ovale curtisi and P. malariae with respect to other sequenced Plasmodium spp. The Bayesian
tree was generated by first selecting 460 1:1 ortholog clusters (amino acid length >200). Sequences were concatenated after multiple sequence alignment and trimmed by
MUSCLE (Edgar, 2004) and Trimal (Capella-Guitiérrez et al., 2009), respectively, resulting in a concatamer of 127,351 amino acids. The MrBayes program was used for
phylogenetic tree construction with an amino acid model and 40,000 generations. The numbers at the nodes indicate their probability and branch lengths are proportional
according to the scale given. (B) Venn diagram of orthologous groups (as derived by Ortho-MCL (Li et al., 2003)) indicates the shared and unique gene clusters across five
malaria species which infect humans. (C) Number of total orthologous groups with only one, two to nine, and more than 10 members in the respective groups, as derived by

OrthoMCL for P. ovale wallikeri, P. ovale curtisi and P. malariae.

P. ovale spp. predicted proteomes, Plasmodium predicted pro-
teomes at The National Center for Biotechnology Information
(NCBI) GenBank using PSI-BLAST, or select Plasmodium genomes
using the BLAST application at PlasmoDB (www.Plasmodb.org).
Additional annotation tools included signal peptide (SignalP 4.1;
www.cbs.dtu.dk/services/SignalP/), transmembrane prediction
(TMHMM ver 2.0; www.cbs.dtu.dk/services/TMMHMM]/), NCBI con-
served domain predictor (www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) and InterPro scan (www.ebi.ac.uk/interpro/). Hidden
Markov Models (HMMs) that were used to identify individual
members of all expanded gene families in both P. ovale and P.
malariae are provided in Supplementary Raw Data S1. The presence
of a canonical PEXEL motif in protein sequences was determined
using ExportPred v2.0 with a cut-off value of 1.5 (Boddey et al.,
2013) and the presence of a PEXEL-like motif was determined
using the Sequence Manipulation Suite (Stothard, 2000).

2.5. Identification of SNP and insertions/deletions (indels)

The raw Illumina reads of Poc1 and Poc2 were quality trimmed
and mapped against Pow1 and Pow?2 references using bwa (Li and
Durbin, 2009). The resulting alignments were pre-processed to

remove PCR duplicates using picard (http://broadinstitute.github.

io/picard/). The alignments were re-aligned and base calibrated,
variants were identified using the GATK HaplotypeCaller program
(McKenna et al.,, 2010). High confidence SNPs and indels were
obtained by applying a quality filter as recommended in the GATK

best practices document. The SNP annotation was added by using
the SnpEff tool (Cingolani et al., 2012).

3. Results and discussion
3.1. Genome assembly and construction of orthologous groups

The nuclear genomes of both P. ovale wallikeri isolates assem-
bled at approximately 35 Mbps genome size, whereas there was
a difference in the assembled genome sizes of the P. ovale curtisi
isolates. The discrepancy in the draft genome sizes between P.
ovale curtisi 1 and P. ovale curtisi 2 is primarily due to differences
in the magnitude of the repertoire of the assembled Plasmodium
interspersed repeat (pir) gene family. Taking into account these
discrepancies, both P. ovale spp. genomes show a minimum of
30% increase in their nuclear genome sizes owing to expansion of
variant gene families. Manual inspection of candidate polymorphic
antigen genes (e.g. MSP1, AMA1, Pfs230 etc) and a genome-wide
analysis by the estMOI tool (Assefa et al., 2014) verified the pres-
ence of a predominant single genotype in each of the sequenced
isolates (Supplementary Table S1), thus greatly reducing the possi-
bility that the increase in genome size is due to the sequencing of a
multi-clone infection. The P. malariae nuclear genome does not
show any evidence of high levels of pir gene amplification, beyond
what has been observed in published Plasmodium genomes (see,
for example, Tachibana et al., 2012). We assessed the completeness
of the predicted genomes using the BUSCO tool (Simdo et al., 2015)
and concluded that both P. ovale spp. are more complete (80-86%
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Table 2

Expanded gene families of Plasmodium ovale and Plasmodium malariae and comparison with other Plasmodium parasites.

Number of Genes

Comments

P. ovale other Plasmodium spp.
Pow1 Pow2 Poc1 Poc2 P.mal P. fal P. viv P.cyn  P. kno

PIR multigene family >1800° >1800° >1900° >2100° >250° >200° ~1200" 265°  71° Plasmodium interspersed repeat (pir); in P.
vivax termed vir, in P. ovale termed oir, in
P. malariae termed mir

STP1/Surfin 133% 141° 59° 80° 129° 10°,> 2° 30 o° Termed PvSTP1(sub-telomeric protein 1)
in P. vivax.

tryp-rich antigen 41° 39° 39° 39° 33? 43P 36¢ 36¢ 26° Termed Pv-fam-a in P. vivax

phist 50° 50" 55 59° 31 74 n.d. n.d. n.d. Termed Pv-fam-e and rad in P. vivax

RBP (all) 12° 12° 132 12° 52 6° 8> 8¢ 2 Reticulocyte binding proteins (RBPs).
Numbers in bracket represent putative
pseudo genes in each RBP sub-family due
to presence of in-frame stop codons.

RBP1 1 1 2 2 2(1) 1 2 1 n.d.

RBP2 9(5) 9(5) 9(2) 8(3) 2(1) 2 5 5 n.d.

RBP3 2(1) 2(1) 2(1) 2(1) 1 1(1) 1(1) 1 n.d.

RBP4(rh4) 0 0 0 0 0 0 0 n.d.

RBP5(rh5) 0 0 0 0 0 1 0 0 n.d.

Ring-exported protein (REX) 6 6 5 5 1 4> 20 o° 1° Maurer’s cleft protein Hawthorne et al.
(2004)

P28 4 4 3 3 1 1° 1° o° 1° Ookinete surface protein

6-cys family 15° 157 13° 14° 12¢ 13 13 n.d. n.d. Examples include P48/45 and P230
ookinete surface antigens, and list
includes the 6-cys-like protein, SSP3

KELT 8 8 8 8 1 1 1 1 1 Telomeric gene in P. falciparum. Expanded
in tandem array in P. ovale. Signal peptide
in P. ovale versions.

Gamete antigen 27/25 0 0 0 0 16 1 0 0 1 RNA binding phosphoprotein. Abundant in
early gametocyte stage.

Pm-fam-a gene family 17¢ 13° 12¢ 12¢ >550° 0 21 11 5 Novel gene family identified in P. malariae.

>75% genes in this family in P. malariae
code for predicted 2-transmembrane
domains. >350 genes contain domain of
unknown function DUF3671 (PF12420) of
which >200 are Pv-fam-b like proteins.

Pow, P. ovale wallikeri; Poc, P. ovale curtisi; P. mal, P. malariae; P. fal, Plasmodium falciparum; P. viv, Plasmodium vivax; P. cyn, Plasmodium cynomolgi; P. kno, Plasmodium

knowlesi., n.d., not determined.
2 Pseudo genes, truncated genes and gene fragments are included.
b Data is from GeneDB.org and PlasmoDB -v26 (www.plasmodb.org).
¢ Data is from Tachibana et al. (2012).

BUSCO coverage) and hence more representative of their species
than P. malariae (76%) in our datasets. We constructed a compara-
tive orthology map of these three Plasmodium genomes together
with the other three human malaria parasite species (P. falciparum,
P. vivax and P. knowlesi) and identified the distribution of shared
orthologs and gene families by the OrthoMCL tool. We identified
a core group of 3,429 1:1 orthologs present across human malaria
parasite species (Fig. 1B, Supplementary Table S3). The relevant
genome assembly and gene prediction statistics are provided in
Table 1. The observations of unusually large genome sizes, expan-
sion of gene families and genomic variations were independently
observed and verified in two isolates of natural infections for P.
ovale wallikeri, and one natural and one laboratory strain for P.
ovale curtisi. To the best of our knowledge, the assemblies reported
here and the corresponding automated annotation data are trust-
worthy. However, it is important to note that all such automated
prediction datasets need further experimental validation before
error-free assemblies and precisely annotated gene boundaries
may be confirmed for future follow-up experiments.

3.2. Phylogenetic placement of P. ovale spp. and P. malariae within
Plasmodium

Phylogenetic trees for Plasmodium were derived using amino
acid concatamers comprised of either OrthoMCL outputs or manu-
ally selected and curated proteins (see Section 2.3 for description

of the concatamers). The trees similarly showed that the ovale par-
asites group together, and more broadly in a clade with P. malariae,
P. vivax, P. knowlesi and Plasmodium cynomolgi, to the exclusion of
the clades encoding rodent malaria parasites, as well as the clade of
P. falciparum plus Plasmodium reichenowi (Fig. 1A). The phylogeny
confirms with strong probability and support the recently pub-
lished trees inferred using mitochondrial, apicoplast and amino
acid concatamer sequence information (Sutherland et al., 2010;
Schaer et al., 2013), and contrasts with a study describing a rela-
tionship between P. ovale spp. and rodent malaria parasites
(Arisue et al., 2012). The following observations on the distribution
of genes and their degree of amplification is considered in the con-
text that P. ovale is related to P. vivax and non-human primate
malaria parasites. Examples of discussed proteins are listed in
Table 2, Supplementary Tables S4-S7.

3.3. Amplified protein families: SURFIN

Similar to other members of Plasmodium, the P. ovale curtisi, P.
ovale wallikeri and P. malariae genomes harbour numerous multi-
gene families that encode proteins secreted to the parasite surface
membrane or exported to the infected erythrocyte cytoplasm and
surface. Patterns of expansion of these families in P. ovale spp. were
compared with those in the human malaria parasites P. vivax and P.
falciparum (Table 2, Fig. 2). Distinctions in expansion include the
surfin (termed Pvstp1 in P. vivax) gene family which is found across
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Fig. 2. Gene family expansion in Plasmodium ovale wallikeri, Plasmodium ovale curtisi and Plasmodium malariae. Circos plot (Krzywinski et al., 2009) showing shared regions
(inner most colored ring) between P. ovale wallikeri (red), P. ovale curtisi (green) and P. malariae (brown) with P. vivax, derived by PROMER tool (Kurtz et al., 2004) mapping.
Expanded gene family locations in our assembled contigs are marked as (from inner most to outside ring), Purple, PIR; Red, reticulocyte binding proteins (RBPs); Green, STP1/

SURFIN; Brown, Pfg27; and Black, Pm-fam-a gene family.

Plasmodium, with the exception of rodent malaria parasites, but is
amplified to a much greater degree in P. ovale spp. Specifically, over
50 surfin genes are present in P. ovale curtisi while we observed
more than 125 genes in P. ovale wallikeri and P. malariae, indicating
a differential expansion (Table 2). In contrast, 10 surfin genes are
present in P. falciparum and only two in P. vivax.

The surfin genes encode transmembrane (TM) proteins, which
are exported to the host erythrocyte cytoplasm in a manner inde-
pendent of either signal peptide or PEXEL/HT motif, and are
thought to be exposed on the erythrocyte surface (Winter et al.,
2005; Alexandre et al., 2011; Zhu et al., 2013). The cytoplasmic
region is more highly conserved between paralogs and contains
multiple copies of a tryptophan-rich domain whose function is
not known and is also found in the SICAvar proteins of P. knowlesi
(Winter et al., 2005). Two other Plasmodium exported products, the
tryptophan-rich antigen and PHIST domain proteins, also have
hallmarks of abundant, conserved tryptophan residues; although
it is not known whether this indicates a shared structural or func-
tional feature, such as stabilisation of globular domains or partici-
pation in hydrophobic interactions with other proteins or lipid
membranes. Genes encoding PHIST domain proteins are amplified
in all human malaria parasites, with over 50 genes in both P. ovale
curtisi and P. ovale wallikeri. Similarly, the tryptophan-rich antigen
genes (tra, described in Section 3.6) are also greatly expanded in P.
ovale curtisi, P. ovale wallikeri and P. malariae as in other Plasmod-
ium spp.

3.4. Amplified gene families: PIR

Plasmodium vivax, primate and rodent malaria parasites differ
from P. falciparum in the presence of a highly amplified gene fam-

ily, termed vir (vivax interspersed repeat, from P. vivax; or gener-
ally, pir, for Plasmodium interspersed repeat; del Portillo et al.,
2001a,b; Cunningham et al., 2010; Lopez et al., 2013) with a
nomenclature based upon the species name (eg. kir in P. knowlesi
and bir in Plasmodium berghei). Similar to the SURFIN proteins,
the pir gene products are predicted to be exported to the infected
erythrocyte surface, and lack typical signal peptide sequences
and PEXEL/HT erythrocyte trafficking motifs. However, approxi-
mately 160 VIR proteins contain PEXEL-like motifs for the purpose
of protein export to the host cell surface (Lopez et al., 2013). The
proteins possess TM domains and short cytoplasmic domains less
than 60 amino acids in length. The extracellular domain shows
homology to the SURFIN extracellular domain, and is possibly
due to either a vertical relationship or domain swapping (Winter
et al., 2005). The pir orthologue in P. ovale spp., herein termed
the oir multigene family, is highly abundant in copy number, with
approximately 1,800-2,100 genes (Table 2), versus 313 genes in P.
vivax Sal1l (PlasmoDB-v26 and Carlton et al., 2008) and 200-800
genes, including pseudogenes, in the genomes of rodent malaria
parasites (Otto et al., 2014). An unpublished but publicly available
version of a clinical isolate genome of P. vivax PO1 appears to con-
tain a large repertoire of approximately 1,200 vir genes (www.ge-
nedb.org/Homepage/PvivaxP01), thus representing the rapid
expansion of the pir family of variant genes. The pir gene family
is relatively less expanded in our genome assembly for P. malariae,
with less than 300 copies (Table 2). A minimum of 42% of PIR
sequences in P. malariae and in both P. ovale curtisi and P. ovale wal-
likeri contain PEXEL-like motifs. It is difficult to determine the pre-
cise copy number of the oir genes due to the draft nature of the
genome assembly, and the majority are relegated to small contigs
rather than fully constituted chromosomes. However, our genome
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Fig. 3. Arrangement of variant gene family arrays in the Plasmodium ovale wallikeri nuclear genome. Annotation of genes within four contigs (scaffolds) for P. ovale wallikeri.
Contig and gene lengths are not drawn to scale. Gene structures are simplified to not show introns. Head to tail arrays are condensed to a single gene icon, and the numbers of
genes within the array are given in parentheses. For example, the contig in the top panel contains 36 head to tail oir genes. Select gene identifiers are given as letters, and are

listed.

assemblies did produce large contig sequences that harbored oir
genes, so that some description of their genomic organisation is
possible. Large arrays of oir genes were found in both P. ovale curtisi
and P. ovale wallikeri genomes, including instances of tandem
arrays of up to 39 head-to-tail genes (Fig. 3). The majority of the
surfin genes are encoded on orphan contigs that could not be
placed on a given chromosome, based on synteny with P. vivax.
These were frequently located within or adjacent to arrays of oir
genes, supporting the view that a substantial proportion of both
gene families are sub-telomeric in position. Proteins orthologous
to the SICAvar and PfEMP1 erythrocyte surface receptors of P.
knowlesi and P. falciparum, respectively, were not found in the P.
ovale spp. and P. malariae predicted proteomes. However, the
majority of proteins in the expanded STP1/SURFIN gene family in
P. malariae and in both P. ovale spp. contain a SICA domain. SICA-
vars are known to have an evolutionary link with SURFIN/PvSTP1
proteins (Frech and Chen, 2013). Thus the oir and surfin gene prod-
ucts might be considered the principal candidates to mediate inter-
actions of P. ovale parasite-infected erythrocytes and host tissues,
and their expansion is likely to have been driven by antibody-
mediated immune pressure, as well as evolutionary pressure to

recognise multiple host ligands.

The sub-telomeric regions of P. falciparum are loosely organised
such that the var genes, which encode the erythrocyte surface
receptors PfEMP1, cluster most telomeric and the highly amplified
rifin and stevor genes, as well as other predicted exported proteins,
and localise in the adjacent, more centromeric neighborhoods. Fol-
lowing this progression, towards the centromere are located addi-
tional amplified families such as phist, rbp, clag, lysophospholipase
and actyl-COA-synthetase genes. Examples from the annotation of
large contigs suggests that this general theme also holds true for
P. ovale spp., with the oir gene arrays, and interspersed surfin genes,
replacing the P. falciparum var genes as most proximal to the
telomere (Fig. 3).

3.5. Amplified gene families: 2TM superfamily

Annotation of Plasmodium genomes identified a superfamily of
proteins which contain signal peptides, PEXEL/HT motifs, two pre-
dicted TM domains within the C-terminal half of the proteins, and
are predicted to be transported to the surface of the infected ery-
throcytes (Sam-Yellow et al., 2004; Templeton and Deitsch, 2004;
Sargeant et al., 2006; Haase et al., 2013). This superfamily, loosely
termed 2TM, includes the P. falciparum Pfmc2TM, RIFIN and STE-
VOR proteins (Cheng et al., 1998; Gardner et al., 1998; Kyes
et al., 1999), although recent studies suggest that the latter two
families encode proteins that possess a single C-terminal TM
domain and are likely to be receptors exposed on the erythrocyte
surface (Niang et al., 2009, 2014; Bachmann et al., 2015; Goel
et al., 2015; Tan et al., 2015). Both P. ovale spp. possess a large
repertoire of predicted 2TM proteins, with over 90 members per
genome including gene fragments. The 2TM proteins were identi-
fied by BLAST screens using queries from P. vivax and other Plas-
modium spp., and by annotation of gene neighborhoods
containing genes that encode predicted exported proteins such as
PHIST domain proteins. Some of the P. ovale spp. 2TM proteins
have sequence similarity with the Pv-fam-a and Pv-fam-d family
proteins of P. vivax and non-human primate malaria parasites.
Additional P. ovale spp. 2TM proteins share similarity with the N-
terminal region of P. falciparum STEVOR proteins, and over 20 other
proteins were identified via BLAST searches. Due to the difficulty in
annotation of the overall breadth of 2TM proteins, which relies on
structural features in addition to sequence similarity, we have not
included enumeration of Plasmodium 2TM proteins in Table 2.
Examples of P. ovale 2TM proteins are listed in Supplementary
Table S7.

Notably, predicted 2TM proteins are significantly expanded in P.
malariae. We have identified more than 550 proteins in P. malariae
that have 1-6 predicted TM domains with 2TM domain containing
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proteins being most represented (greater than 75% of the
sequences, Table 2, termed Pm-fam-a). More than 40 sequences
contain canonical PEXEL/HT erythrocyte targeting motifs and
approximately 80 sequences contain PEXEL-like motifs (KxLxD)
(Sargeant et al., 2006 and Carlton et al., 2008). More than 350
sequences contain a domain, DUF3671, which is of unknown func-
tion (PF12420) (Supplementary Table S4) and which is also present
in 33 P. vivax and four P. knowlesi proteins. Plasmodium ovale spp.
contain 12-17 copies of these genes. More than 200 DUF3671-
containing sequences also have sequence similarity with the pv-
fam-b gene family of proteins in P. vivax (based on HMM analysis).
These proteins do not appear to be related to other 2TM domain
containing proteins such as PfMC-2TM, STEVOR or RIFINS or to
other known TM domain containing proteins such as PIRs,
Tryptophan-rich antigens and PHIST. Thus, these proteins repre-
sent a novel P. malariae-specific gene, which we term Pm-fam-a.

3.6. Amplified families, the tryptophan-rich antigen (tra) genes

Plasmodium ovale wallikeri and P. ovale curtisi share with P. vivax
and non-human primate malaria parasites an expansion of over 35
copies of tra genes encoding the Tryptophan-rich antigen (Burns
et al., 1997, 2000; Sutherland et al., 2010). The tra genes are typi-
cally associated with other expanded gene families such as those
described above (Table 2). Both P. ovale spp. genomes share exten-
sive orthology among the tra loci, suggesting the expansion of this
family occurred prior to the separation of the two lineages. Plas-
modium malariae harbours a lesser level of expansion of the tra
genes with approximately 30 copies, which could be due to the
fragmented and incomplete nature of the genome. Plasmodium fal-
ciparum possesses four copies of this gene, including a predicted

pseudogene, and six copies are present in rodent malaria parasites;
thus the role of Tryptophan-rich antigen proteins in modification
of the erythrocyte might be such that P. ovale spp. require a greater
abundance or functional diversity of the protein, driving expansion
of the gene. The tryptophan-rich antigen proteins contain a signal
peptide sequence and tryptophan-rich domains. They lack both a
canonical PEXEL/HT erythrocyte-targeting motif and a TM domain
and so are thought to be exported and function within the erythro-
cyte cytoplasm. It was recently suggested that the Tryptophan-rich
proteins interact with erythrocyte membranes B and three (Alam
et al., 2015).

3.7. Amplified families: the reticulocyte binding-like (RBL) and
erythrocyte binding-like (EBL) proteins

Studies on the invasion of reticulocytes and normocytes by P.
knowlesi, P. vivax and P. falciparum led to the discovery of mero-
zoite surface receptors, including the Duffy binding and reticulo-
cyte binding-like proteins (RBL, also called RBP) (reviewed in
Gaur et al,, 2004; Culleton and Kaneko, 2010; Li and Han, 2012;
Gunalan et al., 2013). Plasmodium falciparum possesses five mem-
bers of the RBL family, whereas P. vivax encodes 10 members
including pseudogenes. In P. ovale spp. the rbl genes are expanded
to 12-13 copies, including several putative pseudogenes (please
see Table 2 for details), and were found within or adjacent to arrays
of oir genes (Fig. 3). In contrast, P. knowlesi appears to have only
two members of the family, thus highlighting the range in size of
the RBL protein repertoires across Plasmodium spp. Similar to pri-
mate malaria parasites and several P. vivax isolates, the genomes
of P. ovale spp. and P. malariae contain an expansion (two copies)
of the erythrocyte binding-like proteins (EBL; also called Duffy
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binding-like, DBL). Plasmodium vivax Sal I possesses a single DBL
gene, but DBP is known to be duplicated in P. vivax isolates found
in other geographic regions such as East Africa and non-African P.
vivax endemic countries (Menard et al., 2013). BLAST analyses as
well as construction of gene trees suggest that the P. ovale expan-
sion derives from RBP2 (Fig. 4). In our datasets, P. ovale curtisi and
P. ovale wallikeri have seven and four functionally intact RBP2
genes, respectively, and the rest of the expanded RBP2 genes
appear to have been pseudogenised by acquiring in-frame stop
codons with the coding sequences. In contrast, P. malariae main-
tains three functional RBP genes (one each of RBP1, 2 and 3) and
has two RBP pseudogenes (RBP1, RBP2) (Supplementary
Table S4). The species-specific expansion and diversification of
the RBL family of genes may be related to the phenotypic diversity
that these parasites show with respect to their red cell preferences.
While P. ovale spp. are restricted to reticulocytes, P. malariae
invades normocytes (Garnham, 1966; Gunalan et al., 2013).

3.8. Amplified families: the ookinete surface and gametocyte stage
proteins

The Plasmodium ookinete surface protein P28 is encoded by four
genes whose expansion appears to be unique to P. ovale spp.
(Table 2). The gene was first isolated from Plasmodium gallinaceum
(Duffy et al., 1993), and in all Plasmodium parasites is found as a
single copy, adjacent to the gene encoding the ookinete protein
P25. The two ookinete surface proteins share a structure of signal
peptide, multiple EGF domains, and a predicted GPI anchor signal
sequence at the C-terminus. In P. ovale spp. the p28 gene was
reported to be duplicated (Tachibana et al., 2001), and now com-
plete genome information for P. ovale wallikeri reveals two addi-
tional copies of the gene. One p28 copy (termed p28-1; Tachibana
et al., 2001) is adjacent to p25, with conserved synteny with neigh-
boring genes in the locus across Plasmodium, and is presumed to be
the ancestral p28, related to p25 via a gene duplication event. The
other three genes share greater amino acid similarity (80-97%) and
are divergent from the ancestral P28 (<50%). Of the expanded
copies, one p28 gene is within an orphan contig; and two are
within contigs that contain oir genes, one of which (termed p28-
2; Tachibana et al., 2001) is within a large array of oir genes. Plas-
modium ovale curtisi also has an expansion of p28 genes. P28 is not
expanded in our assembly for P. malariae.

3.9. Gene expansion encoding the P27/25 gamete protein in P.
malariae

The P27/25 protein is a highly abundant cytoplasmic protein
expressed during early gametogenesis in P. falciparum (Carter
et al., 1989). Disruption of the P27/25 gene affects membrane
integrity during gametocyte maturation and results in the appear-
ance of large intracellular vacuoles and membrane abnormalities
(Olivieri et al., 2009). The protein lacks a signal peptide sequence
or predicted TM domain, and possesses proline motifs (PxxP) at
the N- and C-terminal regions that are proposed to interact with
RNA or other proteins (Sharma et al, 2003; Camarda et al,
2010). P27/25 has been identified in P. falciparum, P. knowlesi and
P. reichenowi, although it might share a domain with other con-
served Plasmodium proteins which posses predicted signal peptide
sequence but lack PxxP motifs (eg. PVX_003560 in P. vivax). Plas-
modium malariae harbours an expansion of 16 P27/25 genes and
is thus the second Plasmodium sp. identified to possess P27/25 pro-
teins, and uniquely, an expansion thereof (Table 2). Many, but not
all, of the P. malariae versions possess one or multiple PxxP motifs
and several encode proteins with possible signal peptide sequences
(amino acid alignment shown in Supplementary Fig. S1); thus the

gene models for all examples should be validated to confirm the
proposed protein structures.

3.10. A novel P. ovale-specific amplification: the KELT proteins

Plasmodium ovale wallikeri and P. ovale curtisi possess a tandem
head to tail array expansion of eight genes encoding an uncharac-
terised protein, herein named KELT for a C-terminal motif. The
pairwise amino acid similarities range from 40 to 65%, indicating
a selective pressure mediating divergence of members of the fam-
ily (amino acid alignment shown in Supplementary Fig. S2). The
expansion appears to be specific to P. ovale spp., as the gene is pre-
sent as a single copy in all other primate Plasmodium genomes elu-
cidated to date, and is absent from the genomes of the rodent
malaria parasites (Table 2). Synteny is conserved with P. falci-
parum, which maps to a sub-telomeric region. The P. ovale spp.
and P. vivax versions encode signal peptide sequences, which are
lacking in the single exon gene model of the P. falciparum version
(PF3D7_1475900). However, a putative signal peptide is encoded
in an alternative single exon gene model for the P. falciparum locus,
in which translation is initiated from an in-frame upstream
methionine; and this 13 amino acid long extension identifies other
KELT N-terminal regions in BLAST queries (Supplementary Fig. S2).
The KELT protein is not expanded in our assembly for P. malariae
(Table 2).

3.11. Synteny and antigenic divergence between the P. ovale spp

We compared the conservation of gene order between the P.
ovale spp. and with P. vivax. There were no apparent large-scale
rearrangements between the contiguated DNAs of P. ovale wallikeri
and P. ovale curtisi, based on comparative ordering of contigs on to
the assembled P. vivax Sall genome (Supplementary Fig. S3). How-
ever, due to fragmentation of the genome assemblies, our observa-
tion is restricted to the set of contigs (~22 Mb of the total
contiguated bp in the assembly) that we could align with high con-
fidence. However, micro-synteny breaks between P. ovale spp.
were identified as described below. Due to a higher level of frag-
mentation of the P. malariae genome, we did not attempt to study
synteny with other Plasmodium spp. in this study.

The largest contig in the P. ovale wallikeri assembly encom-
passes a predicted sub-telomeric region in which 87 of the 93 pre-
dicted CDSs are encoded by oir genes. This contig is conserved in
the second isolate of P. ovale wallikeri, with 84 syntenic genes,
based upon location and similarity via BLAST analysis. Synteny is
disrupted by an insertion which appears to have arisen by duplica-
tion of an adjacent segment (Supplementary Table S5). The syn-
tenic oir genes range between 100% and 32% amino acid identity,
and it thus appears that selection pressures underpinning amino
acid diversity act differentially on neighbouring genes. The frag-
mented state of the P. ovale curtisi assembly precluded description
of synteny within this region, although BLAST analyses using as
queries the 87 P. ovale wallikeri oir gene products from Supplemen-
tary Table S6 suggest orthologous relationships exist in P. ovale
curtisi, but with amino acid identities no greater than 90% (results
from a subset of oir genes shown in Supplementary Table S6). The
fact that identical oir genes were readily found in our two P. ovale
wallikeri isolates, versus no similarities greater than 90% between
oir genes in P. ovale curtisi and P. ovale wallikeri, highlights the
genetic difference between the two ovale malaria parasite species.
Similarly, SURFIN proteins were frequently identical between the
two P. ovale wallikeri isolates, but were more divergent between
P. ovale curtisi and P. ovale wallikeri (Supplementary Table S6), with
the exception of one identified SURFIN (POVWA1_083840) that
was invariant between the two species. The SURFIN repertoires
between the two parasites differed such that divergent P. ovale
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wallikeri SURFIN queries frequently retrieved the same best hits as
in P. ovale curtisi (Supplementary Table S6).

The intra- and inter-species diversity of other parasite and ery-
throcyte surface antigens was also examined. The RBL and EBL pro-
teins are identical between the two P. ovale wallikeri isolates, with
100% amino acid conservation, whereas there was no more than
92% conservation inter-species in comparison with predicted
orthologs in P. ovale curtisi (Supplementary Table S6). Similarly,
the AMAT1 and P25 proteins are identical between the two P. ovale
wallikeri isolates, whereas they are 95% conserved inter-species.
MSP1 and CSP1 show more antigenic divergence between the
two P. ovale wallikeri isolates, 95% and 93% respectively, while
again retaining greater divergence across species with P. ovale cur-
tisi, 83% and 68% respectively. The erythrocyte cytoplasm-localised
PHIST domain and Tryptophan-rich protein families also follow
this trend, with typically 100% identity between intra-species iso-
lates but less than 94% amino acid similarity between the two P.
ovale spp. (data not shown). For the above antigens, plus OIR and
SURFIN proteins, the two P. ovale curtisi isolates were also more
similar to each other than to P. ovale wallikeri (data not shown).
Thus the intra- versus inter-species diversity of these antigens sup-
ports the genetic isolation and distance between the two species.

3.12. Whole genome variation analysis

We have identified 450,033 fixed nucleotide differences
between both Poc1 and Poc2 isolates with Pow1 by analyzing com-
mon SNPs derived from Poc1 and Poc2 Illumina reads mapping to
the Pow1 reference. Out of these SNPs, we found 219,947 SNPs in
the coding regions, nearly half of which (109,727) were non-
synonymous SNPs, which results in approximately one nucleotide
difference for every 78 bases between P. ovale curtisi and P. ovale
wallikeri. We repeated this analysis by using the Pow2 genome as
a reference and detected an equivalent number (453,165) of SNPs.
Similarly, we observed 26,361 common small insertions and
30,379 common deletion events in both P. ovale curtisi isolates
compared with P. ovale wallikeri. The detailed list of SNPs, indels
statistics and gene annotations are provided in Supplementary
Tables S8-S10.

3.13. Concluding comments

The repertoire of expanded proteins in P. ovale curtisi and P.
ovale wallikeri confirm their phylogenetic relationship to P. vivax
and P. knowlesi, and distance from P. falciparum. The genomes of
P. ovale spp. possess a greatly expanded pir gene family, herein
referred to as oirs, but lack families homologous to either the
PfEMP1 erythrocyte surface receptors of P. falciparum, or the SICA-
var proteins of P. knowlesi. Moreover, P. ovale curtisi and P. ovale
wallikeri utilise Duffy binding protein homologues for erythrocyte
invasion, rather than ligands related to the EBL proteins of P. falci-
parum. Similar to P. vivax, both ovale parasite genomes harbour an
expansion of RBP2 proteins. Unique to both P. ovale and P. malariae,
is an expansion of surfin genes, thus suggesting an important role,
as yet unknown, for this parasite-encoded predicted erythrocyte
surface receptor. Species status for P. ovale wallikeri and P. ovale
curtisi is supported by their separation in the phylogenetic trees,
and the observation that SURFIN, OIR and other parasite and ery-
throcyte surface proteins were similar in the two P. ovale wallikeri
isolates, as well as the two P. ovale curtisi isolates, but uniformly
more divergent in comparisons of predicted orthologs between
the two species. Availability of the P. malariae draft genome also
provides us with a comparative tool to study the expansion of vari-
ant gene families across malaria parasite species. The presence of
the gene encoding the abundant gametocyte P25/27 protein in P.
malariae unites it with P. falciparum, P. knowlesi and P. reichenowi,

whereas the expansion is unique to this species. A unique expan-
sion of a highly diverged TM protein family (Pm-fam-a) with over
550 members delineates the P. malariae genome from the rest of
the malaria parasite genomes available to date. These may play a
major role in its interactions with the host during infection
processes.

The three human malaria parasite genomes described here pro-
vide new resources to study human malaria parasite biology and
underpin future comparative genomics studies covering all
human-infecting malaria species.
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